Introduction
The transport of an energetic positively charged positron into matter is a complex phenomenon. Broadly speaking, the interactions of positrons entering condensed matter can be divided into three stages: implantation, thermalization, diffusion and finally annihilation with a random electron. On closer inspection, definite boundaries between them cannot be strictly determined. A backscattering process due to elastic scattering at atomic nuclei accompanies the direct injection of a positron [1] . This does not allow the positron penetrate deeply into the matter. Emission of secondary electrons from the surface also accompanies the entering process [2] . At the initial stage of implantation, the channelling of a positron along the crystalline planes is also possible [3] . At very high energies, stopping is determined by radiative processes, like bremsstrahlung, resulting from interactions with the screened Coulomb potential of atomic orbital. This is less efficient for positrons than for electrons because, being positively charged, they tend to be repelled by the ion cores. A change in the direction occurs by the multiple Coulomb scattering from nuclei, scattering from electrons, Compton scattering, coherent Rayleigh scattering. At this stage, due to the ionization and relaxation of excited atoms after vacancies are created, the emission of fluorescent photons and Auger or Coster-Kronig electrons takes place. It is reflected in the emission of characteristic X-rays suitable to the implanted medium [4] . For energy of the order of hundreds keV, mainly ionization of the K shell takes place, but at lower energies the emission of the Auger electrons and ionization of L shell is observed. At lower energies, typically used in positron beam experiments (up to 50 keV) inelastic scattering of the incident positron from free electrons is significant. This process is described by the Bhabha cross-section. At somewhat lower energies the plasma excitation and hole creation contribute to the energy-loss process. The latter gives a very strong maximum at 50-100 eV for the stopping power of positrons, which corresponds to a minimum in the mean-free path [5] . One should emphasize that up to this point the slowing-down process is very fast, and it takes only 1 ps (10 −12 s) though positron penetrates a large space in the matter. Below the energy of 0.2 eV, only elastic and inelastic scattering on acoustic phonons takes place; this process is much slower, and takes only few ps. It finishes the thermalization stage, and the positron begins random walk with thermal energy. During a relatively large time of the order of 100 to 500 ps, it inspects mainly the interstitial regions; the average distance is only of the order of micrometers. In liquids and molecular materials, like polymers, during thermalization or diffusion a positron can trap an electron, and a hydrogen-like structure, called positronium, can be formed. This changes the dynamics of slowing down process. Finally, the positron annihilates with an electron and it finishes its life. The emission of annihilation quanta, mainly two emitted in opposite directions quanta having energy of about 511 keV, allows us to localize the place where it occurred. Nevertheless, one should mention that a very low fraction of positrons, less than 1%, can annihilate as well during implantation and thermalization, we call this annihilation in flight [6] .
The described above processes form the implantation depth profile, which is an important phenomenon, and tool in basic research, industry and medicine. Approximately, the profile decreases exponentially as a function of depth or absorber thickness, and it is described by only one physical parameter -the linear absorption coefficient -which depends generally on the cross-sections of possible scattering processes. Recent computer simulation and experimental techniques allow us to refine the exponential decay law over the original results [7] which were established over 50 years ago. For this purpose positrons are a good choice because after implantation, thermalization and then random walk they annihilate with the emission of two energetic photons of ≈ 511 keV. This allows one to track accurately the particle. Some computer codes (e.g. GEANT 4.0 [8] , FOTELP [9] , EGSnrc 4.0 [10] ) are available which give Monte Carlo simulations for tracking energetic positrons, electron or photons entering condensed matter. In our studies we used EGSnrc 4.0 which is a general purpose package for Monte Carlo simulations of coupled transport of electrons, positrons and photons in an arbitrary geometry for particles with energies in the range of a few keV to several hundreds GeV.
Results and discussion
In our calculations, we assumed a point source of positrons located in the middle of a sample of an infinite size. Positrons are randomly emitted into the full solid angle with energies for β + decay of 22 Na or 68 Ge\ 68 Ga sources. In both isotopes there are two branches of β + decay and they were taken into account in the simulations. The position of a positron when its energy reached a value of 1 keV was assumed to be at the end of its life. Below this energy positron penetrates the distance of less than 1 µm, which is much less than its total range. To obtain each implantation profile 10 6 positrons were used. In Fig. 1 , the normalized profile is depicted for positrons emitted from the sources 22 Na and 68 Ge\ 68 Ga into kapton. We took into account this material because it is willingly used in the positron annihilation technique. Generally, the shape of the profile is not affected by the material and in all cases, it contains the same features, see Fig. 1 . Near the source, there is the fast decay region, called region 1, where the profile falls more rapidly. In region 2 the profile is given by an exponential decay function. In region 3 the profile decreases rapidly and finally reaches the depth where no positron is able to travel. Actually, the latter is not detectable in experiments because of high background originating from other gammas and imperfect shielding of other annihilation photons that do not originate in the slit window. Nevertheless, the simulations point out the existence of the total range of the implantation profile for positrons emitted from the radioactive source. The region 1 was observed in kapton by several authors [11, 12] .
In region 2, by fitting the exponential decay function to the simulated profile, we were able to extract the mean penetration depth, which is the reciprocal value of the linear mass absorption coefficient. For positrons emitted from the 22 Na source it is equal to 147 ± 1.2 µm. (We have added the uncertainty which arises from the fitting procedure.) This value corresponds well with this obtained experimentally using the depth scanning of the implantation profile (DSIP) method: 155±5.5 µm [13] . This method allows us to scan the profile of implanted positrons into solid samples with a good accuracy [14] . The mean penetration depth for the 68 Ge\ 68 Ga source extracted in the similar way from the simulated profile (Fig. 1b ) is equal to 966 ± 12 µm. No experimental data are available.
The value of the mean penetration depth can be helpful in determination of the total radius of the region 3, which is approximately seven times its value. In addition, the region 1 can be characterized by the exponential behavior, on closer inspection the mean penetration depth of positrons in region 1 is about twice of that for region 2. The radius of the region 1 is about one fourth of the mean penetration depth. This allows us to characterize the implantation profile only in approximation way. To improve it we need a new formula for describing it in the whole range.
Following the suggestions of Spanel et al. [15] we argue that the shape of the implantation profile reflects not only the responsible for slowing down processes but also the shape of the energy spectrum of the implanted positrons. We have found that the implantation profile for monoenergetic positrons implanted randomly into the full solid angle in kapton exhibits almost perfect Gaussian shape. Its standard deviation or FWHM increases with increasing positron kinetic energy as a parabolic function. For small positron energies, the shape of the profile is much narrower than for higher energies. In the spectrum of the radioactive sources used, there are such low energy positrons and they contribute mainly in region 1. The convolution of the energy spectrum of the 22 Na positrons with a Gaussian of standard deviation σ(E), which depends on the positron kinetic energy, should be a good approximation for describing both the simulated and observed profiles. In our calculation we used the following relation:
where P (E) represents the energy spectrum of the emitted positrons as obtained from Fermi's theory of β + decay. In Fig. 1 −3 E 2 , where E is the positron kinetic energy in keV. It is apparent that while the profile in regions 1 and 2 are accurately described by this equation, the profile in region 3 is not. However, the increase in the slope in this region is noticeable. The use of Eq. (1) to describe the positron implantation profile required the assumption that the standard deviation had a quadratic dependence with respect to two parameters. These parameters were used as the free parameters in the fitting procedure, and they replaced the linear absorption coefficient, which was the single parameter used previously for describing the implantation profile. In doing this one loses the clear physical interpretation that one had using only the linear absorption coefficient. The radius of the region 3 (i.e. total range of the profile) and the slope in the region 1 can be expressed in a simple way via the mean penetration depth determined from region 2. For this reason, it is not necessary to reject it.
In the positron experiment the kapton foil is used as the material for the construction of the envelope which contains the source. By this reason it is interesting to know the fraction of positron stopped in the foil and do not penetrate samples. This fraction was measured by several authors [11] but now one can extract it from the simulated profiles presented in Fig. 1 . In Fig. 2 we depicted it as a function of the thickness of the foil for two commonly used sources. Due to the existence of region 1 the fraction cannot be described by the simple exponential function. This corresponds with the detected experimentally profile [12] . Nevertheless, in the experiment these values are slightly larger. Due to backscattering from the sample positrons return to the kapton foil and annihilate there.
Conclusions
The computer simulations of the implantation profile for positrons emitted from the radioactive source reveal three well separated regions. Only in the regions 1 and 2 the profile can be described by the exponential decay function. In the region 3, which surrounded these regions the numbers of stopped positrons rapidly decay. For the description of the three regions the new formula (1) was proposed. The value of the mean penetration depth obtained from the region 2 corresponds well with that determined experimentally.
